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Literature Review
Walleye (Sander vitreus) are an important species due to their ecological and societal
value and roles. Walleye are native to many freshwater systems throughout the Mississippi River
and Laurentian Great Lakes basins, including Lake Champlain and the southern provinces of
Canada. Walleye consume prey at several trophic levels, beginning with zooplankton at age-0
and ultimately consuming fishes as adults (Galorowicz et al., 2006; Scott and Crossman, 1973).
Therefore, walleye directly impact many species throughout the food web. Walleye also provide
societal value as an important sport fish throughout their range. In Lake Champlain, historic data
and recent assessments indicate that walleye population numbers have been declining for over 60
years, potentially due to habitat fragmentation, recreational and commercial fishing pressure, and
egg and larval predation by invasive species (Marsden and Langdon, 2012).
Lake Champlain is fragmented by multiple causeways constructed between 1850 and
1938 and natural barriers such as sandbars (Marsden and Langdon, 2012; Figure 1). The
causeways have narrow openings for fish and boats, between 25 and 91 m wide (Marsden and
Langdon, 2012), but may restrict fish movement among regions of the lake (Halnon, 1963). For
example, the Sandbar causeway limits passage between Malletts Bay and the Inland Sea (Figure
1b), potentially making the migration for walleye from winter habitat to spring spawning sites
longer and more difficult (Halnon, 1963). The Sandbar causeway is 1.6 km long, but its opening
it only 26 m wide (about 1.6% of the length of the causeway). Another potentially problematic
causeway is the Island Line railroad causeway, which is 5.25 km long, but only has a 24-m and
53-m opening for fish to pass through (Marsden and Langdon, 2012). The openings’ combined
width is less than 1.5% of the length of the entire causeway. In addition to causeways, natural
barriers in Lake Champlain such as sandbars may also influence fish movement due to shallow
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depths, especially during periods with low water levels. According to the Navionics ChartViewer
depth chart for Lake Champlain, areas surrounding the Sandbar causeway are less than 1 m.
Walleye were commercially fished in Lake Champlain until 1971 by seining and fyke
netting on spawning grounds or on the passages to and from spawning grounds (Halnon, 1963).
In Missisquoi Bay alone, an average of 29,595 walleye were harvested annually between 1954
and 1960 until the quota was reduced to 7,000 in 1961. As management agencies realized the
walleye populations were declining, seining was restricted first in Vermont and later in Quebec
(Halnon, 1963). The commercial fishery was entirely closed in 1971, and the daily creel limit for
walleye was reduced first in 1961 from 25 pounds to 10 walleye per day and again in 1978 to
three walleye per day (Halnon, 1963; Marsden and Langdon, 2012).
Assessments conducted by Vermont Fish and Wildlife indicate that the Lake Champlain
walleye population is continuing to decline. Walleye were monitored annually from 1953 to
1966 and every five years after 1985 using beach seines in Missisquoi Bay, with catch-per-uniteffort (CPUE) having decreased substantially since the 1960s (Marsden and Langdon, 2012). In
response, New York and Vermont agencies have collaborated to stock walleye fry and
fingerlings in the lake and its tributaries (Marsden et al., 2010). Stocking to enhance the fishery
began in 1988 and has continued to date (Bernie Pientka, personal communication). To assess
enhancement of the fishery, Vermont Fish and Wildlife places hatchery-reared walleye in a bath
with an oxytetracycline (OTC) solution before they are stocked (VTFWD, 2009). OTC dyes
bones, which can be viewed under ultraviolet light to determine if the individual is wild or
hatchery-reared. The positive result of stocking walleye in Lake Champlain has been
demonstrated with OTC mark analysis, which revealed that 24-73% of three-year old walleye in
the Missisquoi and Winooski rivers had an OTC mark, indicating they were stocked fish
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(VTFWD, 2009). The OTC marks on stocked fish are evidence that stocking efforts are
beneficial for the fishery but not for the wild population of walleye in the lake. Walleye
populations are largely supported by stocking, but the underlying problem of the wild fish
decline has not been solved and is still not understood.
Larval and egg predation by white perch (Morone americana) and other non-native
species may contribute to the continuing wild walleye population decline. White perch can pose
a significant threat to walleye year class development by consuming walleye eggs left on reefs or
rocky areas with no parental care (Marsden and Langdon, 2012; Roseman et al., 2006). Of 22
species examined in Lake Erie for potential walleye egg predation, white perch were the most
influential predator; on average, they had about 253 walleye eggs in their stomachs (Roseman et
al., 2006). White perch, which invaded Lake Champlain in 1984, may have similar predatory
pressure on walleye eggs that was observed in Lake Erie.
The decline of wild walleye in Lake Champlain is ongoing and poorly understood, so
more research about spawning success, spawning movements, feeding, growth, and recruitment
can help contribute to management of the population to inform and guide decisions. Analysis of
spawning and seasonal walleye movement will be useful to address the decline of native walleye
in Lake Champlain and will contribute to the understanding of walleye movement ecology. The
need to understand seasonal and spawning movements has prompted the following questions: 1)
What is the potential home range of walleye in Lake Champlain? 2) Do individuals use the same
basins among seasons and years? 3) Do walleye use the same rivers during each spawning
season? 4) Do causeways affect walleye movement? The outcome of my project will be twofold.
First, my project will address lake fragmentation as a possible cause of the walleye decline in
Lake Champlain by identifying potential problematic causeways that impair walleye migrations.
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Second, my project will contribute to understanding of walleye movement ecology in relation to
home range, site fidelity, and inter-seasonal movement using Lake Champlain as the study
location.
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Abstract
Walleye (Sander vitreus) are an important species due to their ecological and societal
value and roles as a top predator and a popular sport fish in freshwater ecosystems. In Lake
Champlain, historic data and recent assessments indicate that walleye abundance has been
declining for over 60 years, potentially due to habitat fragmentation by causeways, recreational
and commercial fishing pressure, and egg and larval predation by invasive species. The decline
of wild walleye in Lake Champlain is ongoing and poorly understood, so more research about
spawning movements, among other ecological knowledge, can contribute to management of the
population to inform and guide decisions. Specifically, questions related to home range, interseasonal movement, site fidelity, and causeway obstructions can contribute to understanding of
walleye movement ecology and address the decline of wild walleye in the lake. Twenty-five
individual walleye were tagged with acoustic transmitters and cumulatively detected over
253,000 times from 2014 through 2019. Based on acoustic detection data, walleye in Lake
Champlain appear to have a limited home range based on their original tagging location, the
majority of walleye are loyal to spawning sites, walleye move less and shorter distances in the
winter and spawning seasons compared to the feeding season, and some causeways retard, but do
not prevent, seasonal and spawning movement.
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Introduction
Movement ecology is a growing field of study for analyzing spatial changes of organisms
over time. Many species move to obtain food, find spawning or breeding areas, reduce
competition, and avoid predators (Bowler and Benton, 2005). Inevitably, there is a link between
an individual organism’s movement and population dynamics. Evaluating the movement and
distribution of fish can help identify critical habitat, develop the most effective techniques for
population assessment, demonstrate how humans impact fish populations, and improve
management and conservation efforts (Cooke et al., 2016). Assessing dispersal patterns, or
patterns in movements between suitable habitat patches, can be crucial to a species’
management. However, dispersal can be difficult to assess because (1) differences in spatial
scales among studies can lead to disparities in the definition of dispersal and (2) few consistent
dispersal patterns have surfaced in empirical studies, ultimately leading to simple assumptions
being made, such as incorporating a fixed dispersal strategy in movement models when
condition-dependent strategies are more realistic and superior (Bowler and Benton, 2005).
Traditionally, mark and recapture studies were the common method used to estimate
population parameters of fish, in which fish are captured, marked (tagged), and released to be
captured in subsequent samples to yield inferences on parameters like survival and abundance
(Schnabel, 1938). Tracking fish movement has become more effective with the development of
aquatic telemetry methods in the mid-20th century, including radio and acoustic telemetry and
passive integrated transponders (PIT) (Whoriskey et al., 2018). Acoustic telemetry relies on
sound waves in the water to transmit information (Whoriskey et al., 2018). Acoustic transmitters,
either surgically implanted into fish or attached externally, have a uniquely coded identifier to
track individual fish movements. Transmitters send a pulsed signal that is detected by stationary
or mobile receivers to determine the location of a fish, which eliminates the need for physical
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recapture and handling that is normally required to locate a fish in mark and recapture studies
(Donaldson et al., 2014). Stationary receivers can be strategically placed in a waterbody for
passive detection, whereas mobile receivers can be used to actively track fish (Donaldson et al.,
2014). Individual fish can be tracked for more than a decade due to advancements in transmitter
battery life (Hussey et al., 2015). Long-term tracking of individual fish has allowed researchers
to quantify foraging and migratory behaviors related to fitness, reproduction, and population
dynamics (e.g., Bordeleau et al., 2018; Guzzo et al., 2017; Jensen et al., 2018). The results of
studies using acoustic telemetry can be applied to management of protected areas and habitat,
monitoring invasive species, or analyzing fish interactions (e.g., Bordeleau et al., 2018; Karam et
al., 2008; Tickler et al., 2019).
In the Laurentian Great Lakes, acoustic telemetry has been used to examine spawning site
use and migrations of walleye, which are an important sport fish and major component of
freshwater food webs. In Lake Huron, acoustic telemetry revealed the majority of walleye
returned to the same river during their spawning season in the following year (Hayden et al.,
2014). Sex-specific differences in walleye movement patterns, including timing of post-spawn
movements and depth selectivity, have been identified in Lake Huron and Lake Erie using
acoustic telemetry (Hayden et al., 2014; Matley et al., 2020). Acoustic telemetry also revealed
inter-lake exchange of walleye between Lakes Huron and Erie using the St. Clair River and
Detroit River (Hayden et al., 2019).
Although acoustic telemetry has increased our understanding of walleye movement
behaviors, the relationship between physical barriers, such as causeways, and walleye habitat use
changes in relation to dispersal patterns (i.e., home range size, basin occupancy, and site fidelity)
is poorly understood. In contrast to the Laurentian Great Lakes, where most walleye movement
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studies have been conducted, Lake Champlain is highly fragmented by natural sandbars and
constructed causeways (Figure 1b). The causeways are one of the three major hypothesized
contributions to the walleye population decline in Lake Champlain observed over the last 60
years and are believed to divert fish from efficient routes between over wintering areas and
spawning rivers (Halnon, 1963; Marsden and Langdon, 2012). Other contributions to the decline
include a major commercial fishery in the 19th and 20th century (Halnon, 1963) and larval and
egg predation by invasive species such as white perch (Morone americana; Marsden and
Langdon, 2012).
The objective of this project was to contribute to understanding of walleye movement
ecology in relation to home range, site fidelity, inter-seasonal movement, and causeway
obstruction. Four questions drove the analysis: (1) What is the potential home range of walleye
in Lake Champlain? (2) Do individuals occupy the same basins among seasons and years? (3)
Do walleye use the same rivers during each spawning season? (4) Do causeways affect walleye
movement? We developed null hypotheses to drive the analyses: (1) Walleye use all areas of the
lake equally, and therefore have an equal probability of being detected in each basin; (2) basin
use does not vary among seasons or years; 3) walleye show complete site fidelity and always
return to the same spawning river or basin; and 4) walleye movement is not affected by
causeways.
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Methods
Study site
Lake Champlain is a long, narrow lake, oriented north-south between New York,
Vermont, and the province of Quebec. Lake Champlain flows from the Champlain Canal in the
south into the Richelieu River in the north. The lake has a surface area of 1,130 km2, a volume of
25.8 km3, a maximum depth of 122 m, and a mean depth of 19.4 m (Myer and Gruendling,
1979). Lake Champlain is fragmented into five basins based on natural bathymetry and
causeways: the Main Lake, Inland Sea, Northwest Arm, Malletts Bay, and Missisquoi Bay; three
large islands in the northern Main Lake are separated by two small, shallow, turbid, and weedy
bays, Carry Bay and the Gut (Figure 1a). The four major known walleye spawning rivers in Lake
Champlain are the Missisquoi River that flows into Missisquoi Bay in the far north of the lake,
the Lamoille River which flows into the southern portion of the Inland Sea and the northern
portion of Malletts Bay, the Winooski River that flows into the central portion of the Main Lake,
and the Poultney River that flows into the southern lake (VTFWD, 2009; Figure 1b).

Receiver array
Twenty-seven acoustic receivers (69 kHz; Vemco Ltd, Innovasea, Bedford, Nova Scotia)
were deployed 2 m above the substrate using subsurface buoys and 50 kg concrete anchors
(Pinheiro et al., 2017). The first 12 receivers were deployed in 2013, and the entire receiver array
was in place from 2014 through 2017. After 2018, the array changed ,with receivers focused
around the Winooski River and Burlington Bay and fewer in the southern and northern portions
of the lake (Figure 2). For most analyses, only data from 2014 through 2017 were used.
A 48-hr range test was performed in August 2014 because physical and chemical
properties, water conditions, bathymetry, and transmitter and tag type, among other factors, can
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create variability in acoustic signal range (Kessel et al., 2014). Transmitters were suspended
from moorings at 50, 100, 250, and 500 m from a single receiver (Pinheiro et al., 2017).
Detection probability remained above 70% at 250 m but decreased to about 35% at 500 m
(Pinheiro, 2015); the maximum receiver range was about 1000 m (Pinheiro, 2015). Receiver
detection radius was assumed to be 400 m for any residence analyses (movement from one
receiver to another) because this is the maximum distance within which the detection probability
was greater than 70% (Pinheiro, 2015).

Capturing and tagging
Nine walleye were captured at Appletree Point using gillnets on 22 October, 2014; two
were captured in Missisquoi Bay by seining on 24 April and 7 May, 2015; and 16 were captured
at the Swanton Dam by electroshocking across 24 April, 2015, and 13 and 18 April, 2016 (Table
1; Figure 1). Two Swanton Dam fish were never detected. Eight were males (mean total length
568 ± 36 mm), ten were females (mean total length 660 ± 28 mm), and the sex of the nine
walleye captured at Appletree Point (mean total length 644 ± 36 mm) could not be identified
because they were tagged outside of the spawning season (Table 1). Walleye were anaesthetized
with 0.26 mL/L solution of AQUI-S 20E (AQUI-S®, New Zealand) for 5 min and moved to a
surgical cradle for the tag insertion. Oxygenated water was continuously pumped over the gills
during the surgery process. Acoustic transmitters (V13-1 L, Vemco Ltd, Innovasea, Bedford,
Nova Scotia) with a 120 s average ping delay and a three-year battery life were surgically
implanted into the coelom by making an incision into the abdominal region, implanting the tag,
and suturing the incision with three interrupted surgeon’s knots (Wagner et al., 2011). The
surgery process lasted for an average of 4 min 45 sec.
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Data analysis
Prior to analysis, detection data were filtered to remove false detections. When two or
more transmitters are within the range of a single receiver, the transmission codes can combine
to produce to create a false detection of a fish (Binder et al., 2018). In a short time interval, the
probability of two or more transmitters overlapping to produce false detections of the same ID on
one receiver is very low. When two detections of the same code on one receiver are separated
from one another by 30 times the nominal delay of the transmitter, the data should be omitted.
Consecutive detections on a single receiver that were greater than 3,600 seconds apart were
identified as potentially false and omitted from the dataset (Binder et al., 2018; Pincock, 2012).
Data were analyzed using R (R Core Team, 2013).
Using the VTrack package (Campbell et al., 2012), a residence event began when a fish
was detected and ended when there were twelve consecutive hours with no detections, or the fish
was detected on another receiver. A non-residence event was defined when an individual was
detected transitioning from one receiver to another (Campbell et al., 2012). To describe seasonal
changes in movement behavior, ecological seasons were defined as pre-spawn (Feb 15 – Mar
31), spawning (Apr 1 – May 15), feeding (May 16 – Oct 31), and winter (Nov 1 – Feb 14).
Ecological seasons were based on timing of spawning runs in Great Lakes systems, water
temperature trends for Lake Champlain, and physiological characteristics of walleye (Crossman,
1973; Manny et al., 2010; Hayden et al., 2019).

Home range and inter-seasonal movement
Maximum potential range of walleye was calculated as the maximum latitudinal distance
traveled, because Lake Champlain is long north-south and very narrow east-west. To calculate
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the maximum potential range, detections were grouped by season, and the latitude between the
most northerly and most southerly detection for each individual from all years was extracted.
Maximum latitudinal distances were calculated as difference in decimal degrees between the two
receivers’ latitude values, multiplied by the distance in a one-degree change in latitude (111 km).
To examine the home range of individual walleye, receivers were clustered based on
proximity (e.g., receivers with overlapping detection ranges) and site geography (e.g.,
differences in depth, vegetation) (Figure 1c). Some receivers were not clustered (i.e., they were
too far from other receivers to cluster together). Using the R package ‘dplyr’ (Wickham et al.,
2020), detections in receiver clusters were ranked for each individual fish in the order of the
highest number of residence events by season (pre-spawn/spawning, feeding, winter, and all
seasons) from 2014 to 2017. After clusters were ranked, clusters that represented 75% of all an
individual’s residence events were included, and the bottom 25% of receiver clusters (least used)
were filtered out. The home range for each walleye was determined by the receiver clusters
which represented 75% of all residence events. Home ranges were compared between
individuals from different tagging locations to determine if distinct walleye populations exist in
Lake Champlain, and if not, to what degree walleye from different tagging locations overlap.
Inter-seasonal movement was investigated by comparing the number of receiver
transitions (non-residence events) among ecological seasons. Using ‘dplyr’ (Wickham et al.,
2020), non-residence events were grouped by each individual fish and the start times of each
non-residence event was used to determine what season the movement event took place. In
addition, inter-seasonal movement was determined by calculating the percent of walleye that
were detected in more than one, two, three, four, or five basins from 2014 to 2019. Using the R
package ‘dplyr’ (Wickham et al., 2020), data for each individual were used to summarize the
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change in basin usage among ecological seasons. All detections were grouped by individual, and
basins were listed for each fish in which that fish was detected.

Movements during spawning season
Movement during the spawning season was analyzed by determining site fidelity to
particular receiver clusters during the pre-spawn and spawning seasons from 2014 through 2017.
If a residence event was recorded on the same receiver during the spawning season in
consecutive years, a fish was considered to exhibit site fidelity. Not all walleye spawning rivers
had acoustic receivers present (e.g., Missisquoi River), so nearby receiver cluster detections were
used to determine a spawning location for a particular year. If an individual’s detections during a
spawning season were spontaneous (i.e., seemingly random), such that no clear pattern or
destination was discernible, that individual was assumed to not be a spawning fish. If an
individual did not have a residence event in a particular spawning season, that fish was assumed
to be in a location not covered by the range of the receiver array. Finally, if the individual never
had a future residence event, the battery or the fish was assumed to have died.

Movement in relation to causeways
The effect of causeways on walleye movement was investigated by recording the number
of crossings at each major causeway and how many individuals crossed causeways. Crossings
were determined by examining non-residence movements between receiver clusters located in
two different basins. Major causeways analyzed included the Island Line railroad causeway
which separates the Main Lake and Malletts Bay, the Sandbar causeway which separates
Malletts Bay and the Inland Sea, the North Hero causeway between the Gut and the Northwest
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Arm, the Grand Isle causeway between the Gut and the Northwest Arm, and the Carry Bay
causeway between Carry Bay and the Northwest Arm. In addition, the effect of causeways on
walleye movement was examined by calculating the number and percentage of walleye detected
on acoustic receivers in each basin annually from 2014 through 2019.
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Results
Home range and inter-seasonal movement
Walleye home range varied among tagging locations and ecological seasons based on
detections at grouped receivers. Eight of nine fish tagged at Appletree Point were seen at the
Burlington Bay or Winooski receiver clusters during the spawning season; the ninth fish was
detected at Hog Island (likely in transit to the Missisquoi River to spawn) during the spawning
season (Figure 1c). The two fish tagged at Missisquoi Bay only ever spent time in the Inland Sea
(Table 3). Both visited Carry Bay and Alburg (just north of Carry Bay) during the spawning
season (Table 6; Figure 1c). Of the 14 fish tagged at the Swanton Dam, ten were detected most
frequently during the spawning season in the Inland Sea at Hog Island, Alburg, and Carry (Table
3). The other four were never detected in the spawning season. One of the walleye also made its
way down to the Winooski River during the spawning season. During the feeding season, five of
the Appletree Point walleye moved around all portions of the Main Lake, but only one was
detected outside the Main Lake. The other four individuals were only detected at one of two
receivers in the feeding season (Burlington Bay and Winooski). The two Swanton Dam fish were
detected passing through Alburg, and one spent some time in Carry Bay and the Sandbar, but
never made it into Malletts Bay. Of the 14 walleye tagged at Swanton Dam, three walleye were
able to find their way to the Main Lake, while the others were detected most frequently at
Alburg, Carry, Hog Island, and the Sandbar (Table 6; Figure 1c). During the winter, eight of nine
individuals tagged at Appletree Point remained at one receiver cluster; the other fish was in
transit around the northern, central, and southern portions of the Main Lake (Table 6; Figure 1c).
Both Missisquoi Bay walleye made it to the Sandbar in the winter but never entered Malletts
Bay, and one was detected at Hog Island. Eight Swanton Dam walleye were only detected at Hog
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Island, four were not detected at all, and two were solely in the Main Lake at either Winooski or
Wilcox/Gordon/Rockwell (Table 3; Table 6; Figure 1c).
Maximum potential range, measured as maximum latitudinal distance, covered by
walleye ranged from 0 km (only detected at one receiver) to 100.0 km (Crown Point in the
southern Main Lake to Hog Island in the north) (Figure 1a). The greatest mean and median
latitudinal distances were traveled during the feeding season, and the lowest were traveled during
the spawning season (Table 2; Figure 3). A Kruskal-Wallis test revealed a statistically significant
difference in median latitudinal ranges among seasons (p = 0.016). A Wilcoxon rank-sum test
revealed a significant difference in median latitudinal ranges between the spawning and feeding
season (p = 0.012), but not between spawning and winter (p = 0.105) or winter and feeding (p =
0.453). Ten of 25 fish (40%) exhibited the smallest overall maximum latitudinal range in the prespawn and spawning season, and 12 of 25 fish (48%) had their greatest overall maximum
latitudinal range in the feeding season. The winter was a highly variable season for range size;
six fish (24%) exhibited their smallest latitudinal range in the winter and three (12%) exhibited
their largest latitudinal range (Table 2). One fish (fish #290) was an anomaly that skewed the
data for the pre-spawn and spawning seasons. All other maximum potential ranges from
individuals in the spawning season were below 11.9 km, but fish #290 had a range of 50.3 km,
and also had the largest latitudinal range during the spawning season.
Non-residence, or receiver transitions from one receiver cluster to another, varied among
seasons; most transitions occurred during the feeding season and the fewest in the pre-spawning
and spawning season. A one-way Kruskal-Wallis test revealed a statistically significant
difference in median non-residence events among ecological seasons (p < 0.001). A Wilcoxon
rank-rum test revealed the number of non-residence events in the feeding season was
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significantly higher compared to the spawning season (p = 0.003) and the winter (p < 0.001;
Figure 4). Throughout all years between 2014 and 2017 across all individuals, each walleye
averaged four to five total transitions in the pre-spawn and spawning season and winter season
but transitioned from one cluster to another an average of 21 times during the feeding season
(Table 4). However, fish #290 had 203 of the total 488 non-residence events in the feeding
season; the other 24 fish averaged 13 transitions. Seventeen out of 25 fish (68%) displayed the
largest number of non-residence events in the feeding season. Seven fish (28%) had the fewest
transitions in the pre-spawn and spawning season, eight fish (32%) had the fewest during the
winter, and another six fish (24%) had the fewest number of transitions in the pre-spawn and
spawning season and winter. In all, 84% of walleye exhibited the fewest number of nonresidence events in the pre-spawn and spawning season or winter (Table 4).
Basin usage varied depending on the original tagging location and ecological season.
From 2014 to 2019, nine of 25 walleye (36%) were detected in more than one basin; one (4%)
visited two basins, three (12%) visited three basins, two (8%) visited four basins, and three
(12%) visited five basins. Seventeen out of 25 walleye (68%) were detected in only one basin
during the pre-spawn and spawning season. Sixteen out of 25 walleye (64%) were detected in
only one basin in the feeding season. Nineteen out of 25 walleye (76%) were detected in only
one basin during the winter. Eight of the nine walleye tagged at Appletree Point (in the nonspawning season) were only detected in the Main Lake for all seasons; the ninth individual
wandered among all basins except during the spawning season when it stayed in the Inland Sea
(Table 6). Of the eight fish only seen in the Main Lake, six were detected in the northern portion
of the Main Lake (north of ~ 44.55°N), three were detected in the southern portion of the Main
Lake (south of ~44.35°N), and all were seen in the central portion of the lake (between 44.35°N
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and 44.55°N) (Figure 1a). Both individuals tagged in Missisquoi Bay during the spawning
season were never detected in the Main Lake and instead wandered around the northern portions
of the lake in Carry Bay, the Gut, and the Inland Sea. Of the 14 fish tagged during the spawning
season at the Swanton Dam, all spent time in the Inland Sea throughout most seasons, and eight
were only detected in the Inland Sea. Three of the remaining six fish spent some of their time in
the Northwest Arm during the spawning and feeding seasons, and five traveled further south to
Carry Bay and the Gut (Table 6). Five fish also moved south into the Main Lake but stayed in the
northern and central portions at the Wilcox/Gordon/Rockwell receiver cluster and Winooski
Delta receivers.

Movements during spawning season
The 25 detected walleye were a mixture of Otter Creek spawners, Winooski River
spawners, and Missisquoi River spawners. Of the 25 individual walleye detected, the spawning
location for five fish (20%) could not be identified because insufficient data were collected to
identify a spawning river (e.g., the fish were harvested or died from other causes; Figure 5c, 5e,
5i, 5r, 5s). An additional three fish (12%) could not be identified as spawning fish because
individual behavior was too inconsistent (no clear pattern or destination was discernible) to
determine a spawning location (Figure 5g, 5q). One fish was an Otter Creek spawner (Figure 5d).
Three fish (12%) were consistent Winooski River spawners, of which two showed complete
fidelity from 2015 to 2017 (Figure 5a, 5b) and the third was loyal to Winooski in 2015 and 2016
but was never detected after the 2016 spawning season (Figure 5h). The remaining 14 fish (56%)
were Missisquoi River spawners; six (24%) exhibited complete fidelity (Figure 5k, 5l, 5m, 5n,
5p, 5u) and there were not sufficient data for the other eight (32%) to determine loyalty in the
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third spawning year (Figure 5f, 5j, 5o, 5t, 5v, 5w, 5x, 5y). Of the nine Appletree Point fish, three
were Winooski River spawners, one was a Missisquoi River spawner, one was an Otter Creek
spawner, and movements of the other four were inconsistent or lacked sufficient data to
determine a spawning river. The two individuals tagged in Missisquoi Bay were Missisquoi
River spawners. Of the 14 Swanton Dam fish, 11 were Missisquoi River spawners, and three
exhibited spontaneous movement or lacked sufficient data to determine a spawning river.

Movement in relation to causeways
Eight of the 25 (32%) detected fish made a crossing from one basin to another through a
causeway opening, but three of the individuals’ crossings could not be deduced. The three
individuals with unclear crossings were detected in the northern part of the Main Lake and the
Inland Sea, but based on detections alone, passage through one of the three possible pathways
(Carry Bay, Gut, or Malletts Bay) could not be determined. Of the other five individuals,
eighteen total causeway crossings were deduced from fish detections transitioned between basins
from 2014 through 2017. Fifteen of the eighteen crossings (83%) occurred during the feeding
season, two occurred during the winter, and one was in the pre-spawn and spawning season
(Table 7). No crossings were detected at the Sandbar causeway (1.6 km long; 26-m opening).
Only one fish (#285) was detected crossing the Grand Isle causeway (0.3 km long; 60-m
opening), which occurred during the feeding season. One fish (#781) crossed the Island Line
causeway (5.2 km long; 24- and 53-m openings) twice in less than one month, once in the
feeding season and once in the winter season. Two fish (#359 and #285) cumulatively crossed
the North Hero causeway (0.6 km long; 55-m opening) three times during the feeding season.
Four fish (#781, #280, #285, and #290) cumulatively crossed the Carry Bay causeway (1.3 km
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long; 26-, 55-m openings) 12 times; one during the pre-spawn and spawning seasons, 10 during
the feeding season, and another during the winter (Table 7).
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Discussion
Home range size
The walleye in my study were most active in the feeding season during which their
individual home ranges and basin occupancy expanded; during the winter and spawning seasons,
movements were more limited and occurred less often compared to the feeding season.
Availability of forage fish may be limited in the known spawning rivers, so individuals may
migrate to different portions of the lake to find preferred foraging habitat during the feeding
season. In addition, distribution of spawning areas in Lake Champlain may explain the loyalty of
individuals to specific spawning sites. Finally, my data suggest that ease of movement in Lake
Champlain could be limited by causeways.
These results are consistent with findings of other studies examining seasonal movement
behaviors by walleye. The proportion of tagged walleye departing spawning grounds following
spawning and in transit to feeding grounds ranged from 1% to 42% over a three-year study
period in a lake-chain system in northern Michigan (Herbst et al., 2015). A population of walleye
in a lake-chain system in northern Wisconsin revealed similar trends, with nearly over half of the
population making their largest movements within one week of the end of the spawning season
(Rasmussen, 2002). In lake chains specifically, walleye movement around the end of the
spawning season depends on the availability of forage fish, ease of movement (e.g., shallow
water or causeways may impair movement), and distribution of spawning areas (i.e., availability
of nearby suitable spawning habitat) (Rasmussen, 2002). In Lake Champlain and other large
lakes, post-spawning movement may be related to similar variables.
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Spawning site fidelity
Data on movement during the spawning season suggest the majority of walleye in Lake
Champlain are loyal to their spawning sites, but the predicted spawning rivers for walleye tagged
outside the spawning season were incorrect for some individuals. The 16 combined fish tagged at
Missisquoi Bay and the Swanton Dam were assumed to be Missisquoi River spawners, and 13
(81%) were detected in spring at the Missisquoi River. The high spawning site fidelity of
Missisquoi Bay and Swanton Dam fish may be due to the obstruction to other basins from the
Inland Sea by three causeways (Sandbar, North Hero, and Carry Bay causeways). Data from the
Tittabawassee River in Lake Huron and the Maumee River in Lake Erie indicate that walleye
have spawning site fidelity (Hayden et al., 2018). However, of the walleye tagged at Appletree
Point, only three of the nine tagged fish spawned in the Winooski River, one spawned in the
Missisquoi River spawner, one in Otter Creek, and movements of the remaining four were
inconsistent or lacked sufficient data to determine a spawning location. Spawning location for
walleye tagged at Appletree Point fish may be less consistent because assumptions about where
they should have spawned were incorrect. In addition, walleye at Appletree Point were tagged
toward the end of their feeding season in October, rather than in the spawning season such as
Missisquoi Bay and Swanton Dam fish. Determining site fidelity for walleye tagged in the
spawning season may more effective than the non-spawning season (feeding or winter). Based
on my results revealing home range expansion during the feeding season, the walleye tagged at
Appletree Point may be a combination of individuals foraging near Appletree Point that spawn in
different rivers. The walleye tagged at Appletree Point that were detected spawning in the first
post-tagging year generally showed fidelity in subsequent years. All Swanton Dam and
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Missisquoi Bay fish were tagged in the spawning season, leading to the assumption that they
were present at those locations (i.e., Missisquoi River) to spawn.

Effect of causeways on walleye movements
The effect of the causeways in Lake Champlain has been a topic of discussion for over a
century (Halnon, 1963). Here, I provide evidence that walleye can cross through causeway
openings, but most individuals appear to remain in the basin in which they were tagged. In Lake
Champlain, there are likely two motivations for an individual to cross a causeway: (1) walleye
actively seeking foraging habitat, or (2) walleye actively seeking new mates and/or spawning
habitat. The former scenario is important for the overall fitness of the individual, but the latter is
important from a conservation standpoint. Opposite to the common behavior of returning to a
predictable spawning site with mates and good spawning habitat (low-risk with low-gain), the
latter scenario describes a fish attempting to avoid inbreeding and enhance population
connectivity (high-risk, with a potential of a high-gain). Connectivity is important for
maintaining genetic diversity in freshwater environments (e.g., Faulks et al., 2011; Underwood et
al., 2016), which enhances resilience of a species in a changing environment (Coleman et al.,
2018; Lande and Shannon, 1996). Therefore, maintaining genetic diversity for a decreasing wild
population of walleye facing multiple stressors (e.g., increasing water temperatures, frequent
algal blooms, fishing pressure, habitat degradation) should be prioritized in conservation efforts.
My results suggest that causeways in Lake Champlain may impair walleye movement.
Similarly, Howe et al. (2006) found that parasitic-phase sea lamprey (Petromyzon marinus),
independently or carried by their hosts, can cross through causeway openings and causeways
constrain, but do not entirely prevent, movement between basins. Genetic studies indicate no
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population sub-structuring among basins for rainbow smelt (Osmerus mordax; Euclide et al.,
2020) or slimy sculpin (Cottus cognatus; Euclide et al., 2017), but limited sub-structuring of lake
whitefish (Coregonus clupeaformis; Euclide et al., 2019) and demographic variation among
smelt populations in each basin (Euclide et al. 2020). Net movements of least cisco (Coregonus
sardinella) and arctic cisco (Coregonus autumnalis) in Prudhoe Bay, Alaska were not affected
by the ARCO causeway because they could swim around the causeway, inconsistent with the
results from my study (Craig and Griffiths, 1981). However, the L-shaped causeway studied by
Craig and Griffiths (1981) extended 3.9 km from the edge of a coast and was not a complete
barrier, whereas causeways in Lake Champlain connect mainland-island coasts or island-island
coasts with only narrow openings. To date, most other studies examining the impact of
causeways have analyzed the positive effects of breaching causeways, but do not address how
limited movement remains at a causeway breach or opening. For example, the opening of a 200m breach in a coastal causeway in Prudhoe Bay, Alaska may have allowed humpback whitefish
(Coregonus pidschian) to move to the opposite side of the causeway more easily than traveling
around the entire causeway, but the authors don’t provide a measure of the total impediment of
the causeway with the breach addition (Fechhelm, 1999). Likewise, a causeway breach in the
Sarita River Estuary in British Columbia promoted juvenile salmon movement through the
opening, but their work lacks focus on how salmon movement can still be impaired (Gerwing et
al., 2019).
Whether walleye are actively attempting to cross causeways to enter another basin and
failing to do so is, however, unknown. Some individuals may have searched for new spawning or
foraging areas in other basins and wasted energetic resources doing so. The acoustic telemetry
data could only indicate which individuals crossed each causeway and when but could not detect
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potential failed attempts at crossing causeways. Walleye may have little or no motivation to
cross causeways and enter another basin. Most fish never left the basin in which they were
tagged, limiting their home range to the size of their home basin. Both basins in which walleye
were tagged (Main Lake and Inland Sea) contain suitable foraging habitat, and both contain
major spawning rivers; the Winooski River, Otter Creek, and Poultney River drain into the Main
Lake, and the Lamoille River drains into the Inland Sea. The detection history of some
individuals (e.g., #285 and #290) shows that some individuals crossed causeways repeatedly.
However, given most fish never crossed a causeway, I conclude that walleye movement was at
least partially impaired by causeways, some of which were more influential than others.
My results suggest the Sandbar and Island Line causeways are the most limiting
causeways for movement. No fish were detected crossing the Sandbar causeway, which may
already influence transitions between Malletts Bay and the Inland Sea due to the very shallow
depth. The Sandbar causeway can be an important transitional impediment for individuals which
spend most of their time in the Main Lake but seek to spawn in the Lamoille or Missisquoi
rivers. At the Island Line causeway, only two crossings were detected through either of the two
openings. Like the Sandbar causeway, any fish spending time in the Main Lake that want to
move to the Inland Sea can pass through the Island Line causeway. Otherwise, fish in the Main
Lake which cannot find their way to the Inland Sea through these two causeways must take a
longer route east of the islands into the Northwest Arm and enter the Inland Sea through (1) the
Grand Isle and North Hero causeways or (2) pass through the Carry Bay causeway.
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Assumptions, limitations, and future studies
Several assumptions were necessary for interpreting acoustic telemetry data from
walleye. To interpret spawning season movements, fish detected at receivers in a particular order
were assumed to be in transit to a spawning river. Passive acoustic receivers do not indicate
directionality when a fish is detected. Active tracking techniques would allow for more precise
location determinations in future studies but requires more effort and cannot be done for
prolonged periods of time (DeCelles and Zemeckis, 2014). To address causeway crossings,
consecutive detections in separate basins were assumed to indicate a walleye crossing through a
causeway opening. Future studies that want to record causeway crossings should deploy one
acoustic receiver on each side of all major causeway openings. With one receiver on each side of
the opening, directionality and an estimate of the time elapsed for the crossing can be deduced.
A limitation in the study was the incomplete coverage of the lake over time. The receiver
array made it difficult to construe where individuals were during periods when they were not
detected. A grid array of acoustic receivers can be used to detect movements on a finer scale
because transmitters are always within the range of an acoustic receiver (Heupel et al., 2006). A
lack of coverage in some parts of the lake does not take value away from detections in other parts
of the lake. Increasing coverage of the lake requires more receivers, more money, and more
effort to deploy and retrieve them.
This study was limited to observations of northern populations, because all fish were
tagged at northerly (Swanton Dam and Missisquoi Bay) or central (Appletree Point) locations.
Including a southern population of fish from the Poultney River in the southern portion of the
Main Lake could have provided more evidence to determine whether there are distinct walleye
populations in the lake.
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My findings suggest there is a northern population of walleye that remains in northern
portions of Lake Champlain, most individuals are loyal to spawning sites, and the causeways
impair but do not prevent movement. As walleye continue to face angler pressure, a potential
lack of gene flow, and depend largely on stocking efforts to remain present in the lake, the
decline observed over the last 60 years may worsen. These results emphasize the need for more
research about spawning success, feeding, growth, recruitment, and genetics of the walleye
population in Lake Champlain.

30

Acknowledgments
I want to express the deepest appreciation for J. Ellen Marsden, Ph.D., and Matthew
Futia, my thesis advisors, for providing me with and maintaining a large dataset to work with and
providing guidance throughout the entire data analysis and manuscript process. In addition, thank
you to Brittany Mosher, Ph.D., my third thesis committee member, for providing constructive
feedback, concerns, and a valuable perspective from someone not focusing on fisheries-related
work. I also thank Vermont Fish and Wildlife for cooperating with Ellen and the Rubenstein
Ecosystem Science Laboratory to capture and tag walleye and release a large dataset for me to
work with. Lastly, I want to express my gratitude for the University of Vermont Office of
Fellowships, Opportunities, and Undergraduate Research, who provided funds through the Green
Mountain Scholar award, a Summer Undergraduate Research Fellowship.

31

References
Binder, T., Hayden, T., Holbrook, C., 2018. An introduction to R for analyzing acoustic
telemetry data. Great Lakes Acoustic Telemetry Observation System.
https://gitlab.oceantrack.org/GreatLakes/glatos/-/wikis/Past-R-workshops-and-manuals.
Bordeleau, X., Hatcher, B.G., Denny, S., Fast, M.D., Whoriskey, F.G., Patterson, D.A., Crossin,
G.T., 2018. Consequences of captive breeding: fitness implications for wild-origin,
hatchery-spawned Atlantic salmon kelts upon their return to the wild. Biol. Conserv. 225,
144-153.
Bowler, D. E., Benton, T.G., 2005. Causes and consequences of animal dispersal strategies:
relating individual behaviour to spatial dynamics. Biol. Rev. 80, 205-225.
Campbell, H.A., Watts, M.E., Dwyer, R.G., Franklin, C.E. (2012) V-Track: software for
analysing and visualising animal movement from acoustic telemetry detections. Mar.
Freshwater Res. 63, 815-820.
Coleman, R.A., Gauffre, B., Pavlova, A., Beheregaray, L.B., Kearns, J., Lyon, J., Sasaki, M.,
Leblois, R., Sgro, C., Sunnucks, P., 2018. Artificial barriers prevent genetic recovery of
small isolated populations of a low-mobility freshwater fish. Heredity. 120, 515-532.
Cooke, S.J., Martins, E.G., Struthers, D.P., Gutowsky, L.F.G., Power, M., Doka, S.E., Dettmers,
J.M., Crook, D.A., Lucas, M.C., Holbrook, C.M., Krueger, C.C., 2016. A moving
target—incorporating knowledge of the spatial ecology of fish into the assessment and
management of freshwater fish populations. Environ. Monit. Assess. 188, 239.
Craig, P.C., Griffiths, W.B., 1981. Passage of large fish around a causeway in Prudhoe Bay,
Alaska. Arctic. 34, 314-317.
DeCelles, G., Zemeckis, D., 2014. Acoustic and radio telemetry, in Stock identification methods:
applications in fishery science (2nd edition). Academic Press, London, UK, 397-428.

32
Donaldson, M.R., Hinch, S.G., Suski, C.D., Fisk, A.T., Heupel, M.R., Cooke, S.J., 2014. Making
connections in aquatic ecosystems with acoustic telemetry monitoring. Front. Ecol.
Environ. 12, 565-573.
Euclide, P.T., Flores, N.M., Wargo, M.J., Kilpatrick, C.W., Marsden, J.E., 2017. Lack of genetic
population structure of slimy sculpin in a large, fragmented lake. Ecol. Freshw. Fish. 27,
699-709.
Euclide, P.T., Kilpatrick, C.W., Marsden, J.E., 2019. Genetic diversity and structure of whitefish
(Coregonus clupeaformis) 100 years after closure of the commercial fishery. J. Great
Lakes Res. 45, 1310-1319.
Euclide, P.T., Pientka, B., Marsden, J.E., 2020. Genetic versus demograhic stock structure of
rainbow smelt in a large fragmented lake. J. Great Lakes Res. 46, 622-632.
Faulks, L.K., Gilligan, D.M., Beheregaray, L.B., 2011. The role of anthropogenic vs. natural instream structures in determining connectivity and genetic diversity in an endangered
freshwater fish, Macquarie perch (Macquaria australasica). Evol. Appl. 4, 589-601.
Fechhelm, R.G., 1999. The effect of new breaching in a Prudhoe Bay causeway on the coastal
distribution of humpback whitefish. Arctic. 52, 386-394.
Gerwing, T.G., Plate, E., Sinclair, J., Burns, C., McCulloch, C., Bocking, R.C., 2019. Short-term
response of fish communities and water chemistry to breaching of a causeway in the
Sarita River Estuary, British Columbia, Canada. Restor. Ecol. 27, 1473-1482.
Guzzo, M.M., Blanchfield, P.J., Rennie, M.D., 2017. Behavioral responses to annual temperature
variation alter the dominant energy pathway, growth, and condition of a cold-water
predator. PNAS. 114, 9912-9917.

33
Halnon, L.C., 1963. Historical survey of Lake Champlain's fishery. Job Completion Report,
Project Number F-1-R-10. Vermont Fish and Game Department, Waterbury, VT.
Hayden, T.A., Binder, T.R., Holbrook, C.M., Vandergoot, C.S., Fielder, D.G., Cooke, S.J.,
Dettmers, J.M., Krueger, C.C., 2018. Spawning site fidelity and apparent survival of
walleye (Sander vitreus) differ between a Lake Huron and Lake Erie tributary. Ecol.
Freshw. Fish. 27, 339-349.
Hayden, T.A., Holbrook, C.M., Fielder, D.G., Vandergoot, C.S., Bergstedt, R.A., Dettmers, J.M.,
Krueger, C.C., Cooke, S.J., 2014. Acoustic telemetry reveals large-scale migration
patterns of walleye in Lake Huron. PLoS One. 9.
Hayden, T.A., Vandergoot, C.S., Fielder, D.G., Cooke, S.J., Dettmers, J.M., Krueger, C.C.,
2019. Telemetry reveals limited exchange of walleye between Lake Erie and Lake
Huron: Movement of two populations through the Huron-Erie corridor. J. Great Lakes
Res. 45, 1241-1250.
Herbst, S.J., Stevens, B.S., Hayes, D.B., Hanchin, P.A., 2015. Estimating walleye (Sander
vitreus) movement and fishing mortality using state-space models: implications for
management of spatially structured populations. Can. J. Fish. Aquat. Sci. 73. 330-348.
Heupel, M.R., Semmens, J.M., Hobday, A.J., 2006. Automated acoustic tracking of aquatic
animals: scales, design, and deployment of listening station arrays. Mar. Freshwater Res.
57, 1-13.
Howe, E.A., Marsden, J.E., Bouffard, W., 2006. Movement of sea lamprey in the Lake
Champlain Basin. J. Great Lakes Res. 32, 776-787.

34
Hussey, N.E., Kessel, S.T., Aarestrup, K., Cooke, S.J., Cowley, P.D., Fisk, A.T., Harcourt, R.G.,
Holland, K.N., Iverson, S.J., Kocik, J.F., Mills Flemming, J.E., Whoriskey, F.G., 2015.
Aquatic animal telemetry: A panoramic window into the underwater world. Science. 348.
Jensen, L.F., Rognon, P., Aarestrup, K., Bøttcher, J.W., Pertoldi, C., Thomsen, S.N., Hertz, M.,
Winde, J., Svendsen, J.C., 2018. Evidence of cormorant-induced mortality, disparate
migration strategies and repeatable circadian rhythm in the endangered North Sea houting
(Coregonus oxyrinchus): a telemetry study mapping the postspawning migration. Ecol.
Freshw. Fish. 2018, 672-685.
Kessel, S.T., Cooke, S.J., Heupel, M.R., Hussey, N.E., Simpfendorfer, C.A., Vagle, S., Fisk,
A.T., 2014. A review of detection range testing in aquatic passive acoustic telemetry
studies. Rev. Fish Biol. Fisheries. 24, 199-218.
Lande, R., Shannon, S., 1996. The role of genetic variation in adaptation and population
persistence in a changing environment. Evolution. 50, 434-437.
Manny, B.A., Kennedy, G.W., Boase, J.C., Allen, J.D., Roseman, E.F., 2010. Spawning by
walleye (Sander vitreus) and white sucker (Catostomus commersoni) in the Detroit River:
Implications for spawning habitat enhancement. J. Great Lakes Res. 36, 490-496.
Marsden, J.E., Chipman, B.D., Pientka, B., Schoch, W.F., Young, B.A., 2010. Strategic plan for
Lake Champlain fisheries. Great Lakes Fish. Comm. Misc. Publ. 2010–03, Ann Arbor,
MI.
Marsden, J.E., Langdon, R.W., 2012. The history and future of Lake Champlain’s fishes and
fisheries. J. Great Lakes Res. 38, 19-34.

35
Matley, J.K., Faust, M.D., Raby, G.D., Zhao, Y., Robinson, J., MacDougall, T., Hayden, T.A.,
Fisk, A.T., Vandergoot, C.S., Krueger, C.C., 2020. Seasonal habitat-use differences
among Lake Erie’s walleye stocks. J. Great Lakes Res. 46, 609-621.
Myer, G.E., Gruendling, G.K., 1979. Limnology of Lake Champlain. New England River Basins
Commission, Lake Champlain Basin Study.
Pincock, D.G., 2012. False detections: what they are and how to remove them from detection
data. VEMCO Division, Amirix Systems Inc.
http://www.vemco.com/pdf/false_detections.pdf.
Pinheiro, V.M., 2015. Lake trout spawning site use in Lake Champlain and the development of
the binomial rolling residence test (Master’s thesis). University of Vermont, Burlington,
VT, USA.
Pinheiro, V.M., Stockwell, J.D., Marsden, J.E., 2017. Lake trout (Salvelinus namaycush)
spawning site use in Lake Champlain. J. Great Lakes Res. 43, 345-351.
R Core Team, 2013. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.
Rasmussen, P.W., Heisey, D.M., Gilbert, S.J., King, R.M., Hewett, S.W., 2002. Estimating
postspawning movement of walleyes among interconnected lakes of northern Wisconsin.
Trans. Am. Fish. Soc. 131, 1020-1032.
Roseman, E.F., Taylor, W.W., Hayes, D.B., Jones, A.L., Francis, J.T., 2006. Predation on
walleye eggs by fish on reefs in western Lake Erie. J. Great Lakes Res. 32, 415-423.
Schnabel, Z.E., 1938. The estimation of total fish population of a lake. Am. Math Mon. 45, 348352.

36
Scott, W.B., Crossman, E.J., 1973. Freshwater fishes of Canada. Bull. Fish. Res. Board Can. 184
966 pp.
Tickler, D.M., Carlisle, A.B., Chapple, T.K., Curnick, D.J., Dale, J.J., Schallert, R.J., 2019.
Potential detection of illegal fishing by passive acoustic telemetry. Anim. Biotelemetry.
7.
Underwood, Z.E., Mandeville, E.G., Walters, A.W., 2016. Population connectivity and genetic
structure of burbot (Lota lota) populations in the Wind River Basin, Wyoming.
Hydrobiologia. 765, 329-342.
Vermont Fish and Wildlife Department (VTFWD), 2009. Biologist report: Lake Champlain
walleye stocking.
https://vtfishandwildlife.com/sites/fishandwildlife/files/documents/Fish/Fish-BiologistReports/Lake-Champlain-Walleye-2009.pdf.
Whoriskey, K., Martins, E.G., Auger-Méthé, M., Gutowsky, L.F.G., Lennox, R.J., Cooke, S.J.,
Power, M., Flemming, J.M. 2019. Current and emerging statistical techniques for aquatic
telemetry data: A guide to analyzing spatially discrete animal detections. Methods Ecol.
Evol. 10, 935 -948.
Wickham, H., François, R., Henry, L., Müller, K. 2020. dplyr: A Grammar of Data
Manipulation. R package version 0.8.5. https://CRAN.R-project.org/package=dplyr.

37

Tables and Figures
Table 1. Biological data, capture information, and transmitter detection summary for 27 walleye
tagged with acoustic transmitters in Lake Champlain, USA. Detection transmission data
downloads occurred from 2014 through the end of 2019. Sex was not determined (NA) for fish
captured outside of the spawning season.
Capture
Capture
date
location
2014-10-22 Appletree Point
2014-10-22 Appletree Point

Sex
NA

Weight Length Capture
(kg)
(mm)
method
3.28
652 gillnet

First
Last
# of
Transmitter
detection
detection
detections
2014-10-24 2017-07-15
1,699
26772

NA

3.6

660 gillnet

2014-03-11

2017-05-24

1,734

26775

2014-10-22 Appletree Point
2014-10-22 Appletree Point

NA

3.5

685 gillnet

2014-10-25

2014-11-29

306

26777

NA

2.6

630 gillnet

2015-03-30

2017-06-22

727

26779

2014-10-22 Appletree Point
2014-10-22 Appletree Point

NA

3.1

650 gillnet

2014-10-24

2015-06-08

4,627

26780

NA

3.1

610 gillnet

2014-10-26

2016-02-23

17,921

26781

2014-10-22 Appletree Point
2014-10-22 Appletree Point

NA

3.7

685 gillnet

2013-11-23

2016-10-25

396

26782

NA

NA

NA gillnet

2013-11-23

2016-06-03

7,882

26783

2014-10-22 Appletree Point

NA

2.3

580 gillnet

2014-10-24

2015-04-02

1,607

26798

2015-04-24 Missisquoi Bay

F

3.0

673 seine

2015-02-11

2016-05-12

12,879

24359

2015-05-07 Missisquoi Bay

F

2.9

650 seine

2015-05-09

2019-06-05

11,111

24388

2015-04-24 Swanton Dam

F

NA

631 electroshock

2015-05-10

2019-06-01

9,227

24363

2015-04-24 Swanton Dam

M

2.6

531 electroshock

2015-02-10

2017-06-02

7,457

24364

2015-04-24 Swanton Dam

M

2.8

540 electroshock

2015-05-13

2017-03-01

1,849

26769

2015-04-24 Swanton Dam

M

2.6

614 electroshock

2015-05-21

2016-10-12

513

26801

2016-04-13 Swanton Dam

M

1.5

517 electroshock

2016-05-05

2018-07-28

6,706

55280

2016-04-18 Swanton Dam

F

2.2

670 electroshock

2016-06-06

2016-10-24

1,059

55281

2016-04-18 Swanton Dam

F

3.1

689 electroshock

NA

NA

0

55282

2016-04-13 Swanton Dam

M

1.9

570 electroshock

2016-04-29

2016-12-14

1,565

55283

2016-04-13 Swanton Dam

M

2.0

578 electroshock

2016-10-28

2016-12-12

1,522

55284

2016-04-18 Swanton Dam

F

2.0

710 electroshock

2016-05-08

2019-11-03

75,513

55285

2016-04-18 Swanton Dam

F

2.0

640 electroshock

2016-04-26

2019-06-04

20,614

55286

2016-04-13 Swanton Dam

M

2.2

601 electroshock

2016-06-22

2017-06-27

861

55287

2016-04-13 Swanton Dam

F

2.8

660 electroshock

2016-04-20

2017-04-26

8,696

55288

2016-04-13 Swanton Dam
2016-04-18 Swanton Dam
2015-04-24 Swanton Dam

M
F
F

2.4
1.2
2.5

596 electroshock
657 electroshock
615 electroshock

2016-05-10
2016-04-28
NA

2017-05-09
2018-05-21
NA

3,153
54,108
0

55289
55290
243--

Table 2. Maximum latitudinal distances (km) traveled by fish in Lake Champlain between
ecological seasons from 2014 through 2019. NA indicates a walleye that was not detected at all
during the season.
Sample statistic

Mean (km)
SD
Coefficient of variation
Median
Sample size
Min. distance traveled (# fish)
Max distance traveled (# fish)

Pre-spawn and
spawning
6.4
11.4
1.8
4.0
19
10
1

Feeding

Winter

Latitudinal distance (km)
26.0
14.4
25.0
16.3
1.0
1.1
28.5
3.0
Number of fish
25
22
0
6
12
3

All seasons

31.4
22.5
0.7
32.0
25
NA
NA
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Table 3. Receiver clusters that comprise the top 75% of all detections for each walleye detected
in Lake Champlain from 2014 to 2017. NA indicates the fish was not detected by any receiver
during the season.

26772 Appletree Point

Receiver clusters
(pre-spawn and
spawn)
Winooski

26775 Appletree Point

Winooski

26777 Appletree Point
26779 Appletree Point

NA
Burlington Bay

26780 Appletree Point
26781 Appletree Point

Burlington Bay
Hog Island

26782 Appletree Point

NA

26783
26798
24359
24388
24321

Appletree Point
Appletree Point
Missisquoi Bay
Missisquoi Bay
Swanton Dam

Winooski
Burlington Bay
Carry
Alburg, Carry
Saxton, Schyler,
Whallon/SplitRock
/TownFarmBay

24363
24364
26769
26801
55280

Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam

Hog Island
Alburg, Carry
Hog Island
NA
Alburg, Carry

55281
55283
55284
55285
55286
55287
55288
55289
55290

Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam

Transmitter

Tagging location

Receiver clusters (feeding)

Receiver clusters (winter)

Island Line West, Schyler,
Wilcox/Gordon/Rockwell,
Winooski
Arnold, Crown Point,
Winooski
Burlington Bay
Otter Creek,
Whallon/SplitRock/TownF
armBay
Burlington Bay
Arnold, Island Line East,
Whallon/SplitRock/TownF
armBay
Otter Creek,
Whallon/SplitRock/TownF
armBay
Winooski
Burlington Bay
Alburg, Carry, IS
Alburg
Arnold, Island Line West,
Schyler,
Wilcox/Gordon/Rockwell

Winooski

Hog Island, IS
Alburg, Carry
Hog Island
Hog Island
Carry, Hog Island, Point
Au Roche
NA
IS
Hog Island
Hog Island
NA
Hog Island
Hog Island
Winooski
Alburg, Carry
Alburg, Carry
NA
Hog Island, IS
Hog Island
IS
Hog Island
IS
Alburg, Carry, Hog Carry, Willsboro,
Island, Winooski
Winooski

Winooski
Island Line West
Winooski
Burlington Bay
Hog Island
Island Line West,
Whallon/SplitRock/TownF
armBay, Willsboro
Burlington Bay
Burlington Bay
IS, Hog Island
IS
Saxton,
Whallon/SplitRock/TownF
armBay,
Wilcox/Gordon/Rockwell
Hog Island
Wilcox/Gordon/Rockwell
Hog Island
NA
NA
NA
Hog Island
Hog Island
NA
Hog Island
Hog Island
Hog Island
Hog Island
Winooski

Table 4. Number of non-residence events (receiver transitions) by walleye in Lake Champlain
between ecological seasons from 2014 through 2017.
Season
Pre-spawn and
spawning
3.9
6.5
1.7
90
7
1

Mean
SD
Coefficient of variation
Total receiver transitions
# fish with fewest transitions
# fish with most transitions

Feeding

Winter

21.2
42.8
2.0
488
1
17

4.7
14.6
3.1
107
8
2

All seasons
29.8
51.8
1.7
685
NA
NA

Table 5. Number of walleye detected on acoustic receivers in each basin in Lake Champlain
annually from 2014 to 2019.
Year
2014
2015
2016
2017
2018
2019

Main
Lake

Malletts
Bay
8
8
8
5
2
1

Carry
Bay
1
0
0
0
1
0

Inland
Sea

Gut
1
4
7
6
5
4

0
1
1
0
0
0

1
7
17
12
0
0

Northwest Cumulative #
Arm
tagged fish
1
9
0
15
3
25
1
25
0
25
0
25
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Table 6. Basin occupancy by walleye in Lake Champlain from 2014 to 2019. “—" indicates the
fish was not detected in any basin during the season. N = northern portion of Main Lake; C =
central portion of Main Lake; S = southern portion of Main Lake; CB = Carry Bay; IS = Inland
Sea; Mal = Malletts Bay; NWA = Northwest Arm; Gut = Gut.
Transmitter

Tagging location

Pre-spawn and
spawning
N
C, N

26772
26775
26777
26779
26780
26781

Appletree Point
Appletree Point
Appletree Point
Appletree Point
Appletree Point
Appletree Point

26782
26783
26798
24359
24388
24363
24364
26769
26801
55280
55281
55283
55284
55285

Appletree Point
Appletree Point
Appletree Point
Missisquoi Bay
Missisquoi Bay
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam

----C
CB, IS
CB, IS
IS
CB
IS

55286
55287
55288
55289
55290

Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam
Swanton Dam

CB, IS

C
C
IS

CB, IS
IS
CB, IS

IS
IS
C, CB, IS, Mal,
N, NWA

Feeding

Winter

All seasons

C, N
C, N, S
C
S
C
CB, IS, Mal, N,
S
C, N, S
C, N
C
CB, Gut, IS
CB, IS
CB, IS
CB, IS
IS
IS
CB, IS, N, NWA
IS
IS
IS
C, CB, Gut, IS,
N, NWA
CB, IS
IS
IS
IS
C, CB, N, NWA

N
N
N
C, N
C
CB, IS, Mal, N,
NWA
C, N, S
C
C
IS, N
IS, N
IS, N
N
IS

C, N
C, N, S
C, N
C, N, S
C
CB, IS, Mal, N,
NWA, S
C, N, S
C, N
C
CB, Gut, IS, N
CB, IS, N
CB, IS, N
CB, IS, N
IS
IS
CB, IS, N, NWA
IS
IS
IS
C, CB, Gut, IS,
N, NWA
CB, IS
IS
IS
IS
C, CB, IS, Mal,
N, NWA

IS
IS
C, CB, N
IS
IS
IS
IS
C, N
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Table 7. Causeway crossings by tagged walleye from 2014 to 2017 in Lake Champlain.
Causeway

Basin transition

Island Line
causeway
Sandbar
causeway
North Hero
causeway
Grand Isle
causeway

Main
Lake/Malletts Bay
Malletts
Bay/Inland Sea

Carry Bay
causeway

Inland Sea/Gut
Gut/Northwest
Arm
Carry
Bay/Northwest
Arm

Width (m) of
opening(s)

Length of
causeway

Pre-spawn
and spawning

24, 53

5.2 km

0

1

1

2

26

1.6 km

0

0

0

0

55

0.6 km

0

3

0

3

60

0.3 km

0

1

0

1

26, 55

1.3 km

1

10

1

12

Feeding

Winter

All seasons
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Figure 1 A to C. Lake Champlain basins (outlined with color) defined by bathymetry and
causeways and major walleye spawning rivers are shown in Figure 1a. The major causeways
hypothesized to impair walleye movement are indicated with arrows pointing to borders between
basins and walleye capture locations (Appletree Point, Missisquoi Bay, and Swanton Dam) are
indicated by yellow stars in Figure 1b. Receiver clusters and receivers individuals were
commonly detected at are shown in Figure 1c.
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Figure 1 A to C. Lake Champlain basins (outlined with color) defined by bathymetry and
causeways and major walleye spawning rivers are shown in Figure 1a. The major causeways
hypothesized to impair walleye movement are indicated with arrows pointing to borders between
basins and walleye capture locations (Appletree Point, Missisquoi Bay, and Swanton Dam) are
indicated by yellow stars in Figure 1b. Receiver clusters and receivers individuals were
commonly detected at are shown in Figure 1c.

Receiver Location
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Rouses Point
Missisquoi
Hog Island
Isle LaMotte
Alburg
Trembleau
Carry
Point Au Roche
Gut
Wilcox
Gordon
Rockwell
Sand Bar Inland Sea
Lamoille River Upper
Sand Bar Malletts
Lamoille River Lower
Malletts Bay
Great Back Bay
Island Line West
Island Line East
Winooski Delta North
NorthCurtain1
NorthCurtain2
Winooski River Upper
DeltaEdge1
Winooski River Lower
DeltaSlope1
Ferris Rock (N)
DeltaFlat1
Ferris Rock (S)
Winooski Delta Mid
DeltaSlope2
Schuyler
DeltaSlope3
DeltaFlat2
Schyler Island (W)
Schyler Island (E)
DeltaFlat3
Winooski Delta South
Appletree Shoal
SouthCurtain1
SouthCurtain2
Schyler Reef
RangeTest_October2018
Burlington Bay
BurlingtonBay3
BurlingtonBay1
Burlington
BurlingtonBay2
BurlingtonBay4
Twin Sisters (N)
Juniper Island
Hatch Point
Twin Sisters (S)
Rock Dunder
Willsboro Bay (N)
ShelburnePoint
Shelburne
Willsboro Bay (S)
Willsboro
Four Brothers
Juniper Ledge
ShelburneBay
Ligonier Pt
Saxton
Whallon
Split Rock
Town Farm Bay
Otter Creek Delta North
Otter Creek Delta
Otter Creek Lower
Otter Creek Upper
Arnold East
Arnold West
Arnold Central
Crown Point

2

01

2−

−1

3
01

2

4
01

6−

−0

01

2

−1

4
01

01

2−

−0

2

5
01

01

1
1
1
1
1
1
1
1
1
1
−0
−0
−0
−0
−0
−0
−0
−0
−0
−0
12
06
12
06
12
06
12
06
12
06
5−
6−
6−
7−
7−
8−
8−
9−
9−
0−
1
1
1
1
1
1
1
1
1
2
20
20
20
20
20
20
20
20
20
20

6−

Time of Deployment

Figure 2. Location and deployment period of acoustic receivers in Lake Champlain (NY, VT,
and QC) from 2013 to 2020.
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Figure 3. Maximum latitudinal range among ecological seasons of walleye tagged in Lake
Champlain. Asterisk indicates statistical significance from a Wilcoxon rank-sum test.
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Figure 4. Number of non-residence movements among ecological seasons by walleye tagged in
Lake Champlain. Asterisk indicates statistical significance from a Wilcoxon rank-sum test.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.
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Figure 5 A to Y. Abacus plot showing detection history for individual walleye in Lake
Champlain from 2014 to 2019. Black vertical lines indicate the tagging date (solid line) and the
estimated end of battery life (dotted line). Gray bars indicate the pre-spawn and spawning
season.

